Abstract: Drought is a world-spread problem seriously influencing crop production. Arbuscular mycorrhizal (AM) association and soil microorganisms can help plant growth under water stress condition by improvement of its nutrient and water uptake. In this experiment, onion plants (Allium cepa L. cv. Red Azar Shahr) were inoculated with three AM fungi species (Glomus versiforme, G. intraradices, G. etunicatum) or left un-inoculated as non-mycorrhizal plants, in a sterile or non-sterile sandy loam soil. Plants were irrigated at 7, 9 or 11-day intervals to keep the soil moisture content to field capacity at the irrigation time. Mycorrhizal root colonization decreased (p < 0.05) with an increase in irrigation interval, and the highest root colonization was achieved at 7-day irrigated onions in symbiosis with G. versiforme. Phosphorus content in plant tissue was significantly increased in mycorrhizal than non-mycorrhizal onions. Plants inoculated with G. versiforme at 9-day interval treatment had the highest leaf P content, while the lowest P was observed in non-mycorrhizal plants at all irrigation intervals. Onions inoculated byG. versiforme or G. etunicatum at 9-day irrigation interval had the highest K content. Results revealed that the inoculation of onion plant with G. versiforme or G. etunicatum and increasing irrigation interval up to 9 days, could improve P and K uptake.
Introduction
Drought is considered the single most important abiotic stress that limits crop production in arid and semiarid areas (Kramer & Boyer 1997) . Among the diverse consequences of a drought effect on plant development in these ecosystems, restricted nutrient and water acquisition are commonly recognized (Agnew & Warren 1996) . Arbuscular mycorrhizal symbiosis usually increases host plant growth rate during water deficit stress by affecting nutrient acquisition and cell hydration through increasing water use efficiency (Simpson & Daft 1990; Auge 2001) . It is widely accepted that the mycorrhiza-aided host plant drought tolerance is nutritionally related.
Improved P and K nutrition by AM fungi during the periods of water deficit has been postulated as a primary mechanism for enhancing host plant drought tolerance (Nelsen & Safir 1982) . Nikolaou et al. (2003) found that in mycorrhizal grapevine, leaf P concentration was increased under water stress condition. In mycorrhizal wheat under water deficit condition, P content was improved but its concentration was not affected (Al-Karaki 1998). Aliasgharzad et al. (2006) pointed out that higher shoot K content of soybean plants can positively affects stomatal conductance and osmotic adjustment under drought stress condition. Ruiz-Lozano (2003) reported that in mycorrhizal lettuce, K acquisition was increased 2-fold, however in some other plants there was no improvement in K absorption as a result of mycorrhizal symbiosis. These nutritional changes assist in maintaining host plant water status under water deficit conditions. As a result of higher water status and improved nutritional status, mycorrhizal tomato plants have produced higher biomass under varying intensities of drought stress. Tomato seedlings inoculated with Glomus etunicatum produced higher dry biomass than non-mycorrhizal plants under normally irrigated conditions (Kim et al. 1998) .
Also, soil microbial community may enhance or inhibit the mycorrhizal fungi functioning through synergistic or competition effects. This study was aimed to investigate the effects soil sterilization and water deficit on P and K uptake by onion plants in symbiosis with three AM fungal species.
Material and methods
A pot culture experiment was conducted for the study of P and K uptake by mycorrhizal onion under different water deficit levels during [2005] [2006] in the Agricultural Research Station of the University of Tabriz, Iran. The experiment was a factorial complete randomized block design with three factors and four replications. The factors were irrigation interval (7, 9 and 11 days), soil sterility (sterile and c 2009 Institute of Botany, Slovak Academy of Sciences non-sterile soil) and arbuscular mycorrhizal fungi (AMF) species, Glomus versiforme (Karsten Berch), Glomus intraradices (Schenk & Smith), Glomus etunicatum (Becker & Gerdman) and non-mycorrhizal (NM) plants as control. For seedling production, onion (Allium cepa L. cv. Red Azar-shahr) seeds were disinfected for 15 min in 1% sodium hypochlorite, and were sown (30-40 seeds per pot) in a sandy loam soil that was autoclaved in 121
• C for 2 h. Fifty grams of mycorrhizal fungi inoculum (a mixture of spores, hyphae, AM root fragment and soil) were mixed into 1 kg of soil. The control pots received the same amount of sterilized inoculum. The pots were maintained in a greenhouse with 27/18
• C (day/night) temperature and 40-70% relative humidity as nursery. Three plants from each treatment were sampled randomly every week for 50 days (from emergence to transplanting) to determine the incidence of root colonization. The roots were washed, cut into about 1 cm fragments and mixed thoroughly. The root fragments were then cleared with 10% (w/v) KOH and stained with 0.05% (v/v) trypan blue in lactoglycerol (Phillips & Hayman 1970) . Percentage of mycorrhizal colonization was determined by gridline intersect method (Furlan & Fortin 1973) . Non-mycorrhizal seedlings were also tested for absent of fungal colonization. At transplanting (9 weeks after sowing) root colonization in mycorrhizal seedlings had reached above 60%. Onion seedlings were then transplanted at the density of three plants per pot; each pot was 22 cm in diameter and 21 cm in deep and contained 5.6 kg soil. Water content in all pots was kept at field capacity (FC = 29.7%, w/w). The irrigation interval treatments were started after the transplanting; water was added to the pots every 7, 9 or 11-day in amount that returned the prevailed moisture content to the FC. For better establishment of seedlings, all pots were irrigated every 3 days for 9 days before onset of the aforementioned intervals. Soil moisture was determined by oven drying and soil weight loss at 105
• C. The main characteristics of the soil were: pH 8.5, ECe 2.2 dS m −1 , 1.6% organic carbon, 15.5% clay, 13.1% silt, 71.4% sand, 18.5 mg kg −1 available P (Olsen P) 797.5 mg kg −1 K, 6.63% CaCO3, Db 1.152 g cm −3 , Ds 2.5 g cm −3 . All pots received 58 mg kg −1 nitrogen as urea. Plants were kept in a greenhouse under a 16 h photoperiod, 24 ± 4/18 ± 3 • C(day/night temperatures) and 40-60% relative humidity. Plants were harvested 132 days after transplanting and were analysed for P and K concentrations in shoots. Roots were cleared and stained (Phillips & Hayman 1970) to determine mycorrhizal colonization percentage (Furlan & Fortin 1973) .
Results and discussion
By increasing irrigation interval, mycorrhizal root colonization was decreased (p < 0.05) and the highest root colonization was achieved at 7-day irrigated onions in symbiosis with G. versiforme (Table 1) . Soil moisture content (% w/w) declined to 67.1, 61.6 and 57.6% of FC at the end of 7, 9 and 11 days, respectively. Mycorrhizal colonization caused more water depletion in the pots and the highest depletion (0.54FC) was achieved in the presence of G. versiforme compared to the non-mycorrhizal treatments (0.71FC). There were no significantly differences in root colonization between sterile and non-sterile soils in all three AM fungal species (Fig. 1) . Ruiz-Lozano et al. (1995) found also that water stress decreases root colonization in lettuce. Mycorrhizal colonization of soybean root decreases with increasing drought stress (Aliasgharzad et al. 2006) . Plants grown in sterile soil were completely non-mycorrhizal and also root colonization of plants from non-sterile soil was too low to detection (Fig. 1) . Regardless of fungal species, phosphorus content in plant tissue was significantly increased in mycorrhizal than non-mycorrhizal onions (Fig. 2) . Plants inoculated with G. versiforme at 9-day interval treatment had the highest leaf P content, while the lowest P was observed in non-mycorrhizal plants at all irrigation intervals (Table 1) . Overall, there was no significantly difference between shoot P concentration of inoculated and non-inoculated plants (Table 1) . It may be due to dilution effect caused by differences in shoot dry matter of mycorrhizal and non-mycorrhizal plants (data not shown). In this respect, there was an exception for G. intraradices, which caused significantly decline in shoot P concentration at 9-day interval (Table 1) . Several studies have unequivocally demonstrated that plants colonized by AM fungi are much more efficient in taking up soil P than non-AM plants (Fitter 1988 & Gianinazzi-Pearson 1988; Asmah 1995; Subramanian et al. 1997) . Sylvia et al. (1993) reported that mycorrhizal colonization with Glomus fasciculatum improved the drought tolerance of field-grown maize plants as a result of enhanced P status under varying intensities of drought stress.
Shoot K content, with some exceptions, had same trend as P content in all treatments and was significantly enhanced in mycorrhizal than non-mycorrhizal plants. Onions inoculated by G. versiforme or G. etunicatum at 9-day irrigation interval had the highest K content (Table 1) .
With an exception for G. etunicatum, which led to higher (p < 0.05) shoot P content in sterile condition, there was no significant difference between sterile and non-sterile conditions in both mycorrhizal and non-mycorrhizal plants (Fig. 2) . It seems that the G. etunicatum is an efficient fungal species in supplying P to the onion in the absent of other soil microorganisms. Also, G. etunicatum in sterile soil condition was the most efficient on K uptake by the plant. Irrespective of soil sterilization, mycorrhizal plants had considerably higher shoot K content than non-mycorrhizal ones (Fig. 3) . Aliasgharzad et al. (2006) pointed out that higher shoot K content of soybean plants can positively affects stomatal conductance and osmotic adjustment under drought stress condition. In our study, the beneficial effect of AM inoculation in terms of increased P and K uptake was more pronounced under moderate drought conditions (9-day interval). Drought stress impedes the translocation of minerals and metabolites from the leaf to the developing organs. The improved nutritional status caused by mycorrhizal colonization would have alleviated drought impacts under varying intensities of drought stress. Mycorrhizal colonization in plants inoculated with G. versiforme or G. etunicatum decreased significantly (p < 0.05) with increasing irrigation interval from 7 to 9 days, while a significant increase was obtained in the corresponding shoot P and K contents (Table 1) . One interpretation for this is that in some AM fungal species the higher root colonization is not always correlated with higher nutrient uptake, but it depends also on root environmental conditions. For example, water potential, soil aeration and temperature, etc., may adversely or positively affect this relationship (Ruiz-Lozano et al. 1995; Nikolaou et al. 2003) . It seems that a moderate water deficit in soil causes more exploration of soil by extrametrical mycelium and consequently more nutrients uptake by mycorrhizal roots. However, a more detailed study needs to clarify the extrametrical mycelium's behaviour under water deficit condition.
Results revealed that the inoculation of onion plant with G. versiforme or G. etunicatum and increasing irrigation interval up to 9 days, could improve its P and K uptake. The efficiency of G. intraradices and G. versiforme in P and K uptake by onion plant was not affected by soil sterilization. This suggests that the presence of soil native microbial community has not inhibitory or stimulatory effect on AM fungi functioning.
